Objective Antineutrophil cytoplasmic antibodies (ANCAs) are considered a risk factor for granulomatosis with polyangiitis (GPA) exacerbation, especially when staphylococcal superantigens (SAgs) are present in nasal swabs. Their role in monitoring disease activity remains controversial. This study determined the relationship of ANCAs with disease activity and presence of SAgs in GPA patients. Methods Among a total of 115 GPA patients hospitalized in the period 2009-2016, we investigated the presence of SAgs and ANCA concentration. Blood samples and nasal swabs were taken at each visit (referred further to as episodes). Disease activity was assessed using the Birmingham Vasculitis Activity Score (BVAS). Results We analyzed 362 episodes. ANCAs were detected in 215 (59.4%), while SAgs were detected in 126 (34.8%) episodes. We found a significant correlation between the presence of ANCAs and disease activity (p = 0.0032), as well as between their level and GPA severity (r = 0.25363, p = 0.000001). We also determined that an ANCA values ≥ 138 Ru/ml were an indicator of active disease with high specificity and low sensitivity (84.4% and 37.3%, respectively). The relationship between ANCA presence and the presence of SAgs was not confirmed; however, when SAgs were analyzed based on the different types, ANCA levels were found to be significantly higher in the group with SAg type B (p = 0.031). Conclusions There was no detectable evidence for the association between ANCA level and the presence of SAgs. Although monitoring ANCA levels as a marker of disease activity may be clinically relevant, GPA management cannot proceed on the basis of ANCA levels alone.
Introduction
Antineutrophil cytoplasmic antibodies (ANCAs) are a group of autoantibodies directed against proteins predominantly expressed in the cytoplasmic granules of neutrophils. They were first reported in serum from a few patients with segmental necrotizing glomerulonephritis in 1982 [1] . The data were largely disregarded until Van der Woude et al. [2] described similar patterns of autoantibodies in patients with systemic vasculitis, including granulomatosis with polyangiitis (GPA)-formerly called Wegener's granulomatosis-in 1985. The disease is characterized by granulomatous inflammation of the respiratory tract, necrotizing small-vessel vasculitis, and glomerulonephritis; ANCAs are directed predominantly against the myeloid proteinase 3 (PR3) and myeloperoxidase (MPO) is frequently observed as a hallmark of this condition [3] .
Previous studies have demonstrated that ANCAs cause neutrophil activation leading to vascular endothelial injury to small blood vessels [4] . Antigens, such as microbial components, stimulate ANCA autoantigen expression on the membrane surface of neutrophils. ANCAs are developed and released from B cells; they can bind to the ANCA autoantigens and activate neutrophils. Once activated, neutrophils attach to the endothelium of the blood vessels and release reactive oxygen species, inflammatory cytokines, toxic substances, and neutrophil extracellular traps (NETs), leading to systemic vasculitis and injuries to multiple organs [4, 5] .
It has been observed that 60-70% of patients with GPA are chronic nasal Staphylococcus aureus (S. aureus) carriers, in contrast to the 20-30% of healthy individuals. Therefore, S. aureus and its superantigens (SAgs) have been indicated to play a special role in the pathogenesis of GPA, leading to ANCA formation [6] [7] [8] [9] . Pendergraft et al. [10] presented evidence that complementary PR3, which shows homology with certain S. aureus-derived peptides, may induce antibodies to PR3, leading to the development of ANCA and activation of GPA by molecular mimicry.
Although the diagnostic importance of ANCAs in cases involving GPA has been widely recognized [11, 12] , their role in monitoring disease activity remains controversial. Some studies have reported that ANCA levels correlate with disease activity [13] . However, other studies have demonstrated no relationship between ANCA levels and disease activity in patients with GPA [14] . According to some findings, persistence of ANCAs and presence of SAgs are associated with disease activity and probably are interrelated [9] .
In a previous study [15] , we analyzed the relationship between the presence of SAgs in nasal swabs and GPA activity, but the aim of the current study was to determine the relationship between ANCA concentration and disease activity, while taking into account the association between ANCA formation and the presence of SAgs in nasal swabs in patients with GPA.
Materials and methods
The retrospective study was conducted in compliance with the principles of the Declaration of Helsinki. Ethics Committee approval was not obtained in accordance with Polish law, which states that formal Ethics Committee approval is not required in the context of standard care. Informed consent of the participants was waived.
The study cohort consisted of 115 patients with GPA having positive nasal swabs, who were hospitalized in the National Tuberculosis and Lung Diseases Research Institute during the period of 2009-2016. GPA was diagnosed on the basis of clinical features consistent with vasculitis and/or biopsy results consistent with vasculitis and/or a positive ANCA test in accordance with the Chapel Hill Consensus Conference 2012 nomenclature [16] . Disease activity was assessed using the Birmingham Vasculitis Activity Score (BVAS) [17] during each visit, referred further to as episodes. Non-active disease was defined as the absence of symptoms or signs attributable to active vasculitis (BVAS = 0), in combination with a normal serum C-reactive protein (CRP) concentration. This group included patients who had undergone immunosuppressive treatment and those who were under immunosuppression, in whom disease remission had been obtained. Active disease was recognized in newly diagnosed patients, and in patients having relapse or in those in whom progression of the disease was observed (according to BVAS, clinical and radiological syndromes, and laboratory findings). Cases involving minor lung radiological progression without clinical syndromes were also identified as having an active disease. In patients with GPA limited to subglottic stenosis (SGS), the disease activity indicator was dyspnea-requiring surgical intervention-the intratracheal dilation-injection technique during "rigid" bronchoscopy. Treatment included the administration of corticosteroids (CSs) and cyclophosphamide (CYC), and then administration of azathioprine (AZA) or methotrexate (MTX)-for the maintenance of remission. The treatment regimen was maintained for 18-24 months. Patients with severe and recurrent disease received rituximab, but patients with GPA limited to SGS were mainly treated locally [18] . Some patients received trimetophrim/sulfamethoxazole (T/S) in prophylactic doses (960 mg three times a week), while others additionally received local treatment using mupirocin.
ANCA detection
All patients included in this study were examined for ANCA. Sera were collected during each visit. First, serial serum dilutions (starting at 1/20) were tested by indirect immunofluorescence (IIF) on ethanol-fixed human neutrophils, and then PR3-ANCA and MPO-ANCA levels were assessed using a standard commercial enzyme-linked immunosorbent assay (ELISA) kit. The assays were calibrated in relative units per milliliter (Ru/ ml). Values > 20 Ru/ml were interpreted as positive results, while those ≤ 20 Ru/ml were interpreted as negative results.
Nasal cultures and SAg typing
Nasal swabs were taken during each visit (episode). The method of S. aureus isolation and the assessment of eneterotoxicity have been described in detail in a previous study [16] .
Statistical analyses
Statistical analyses were performed using Statistica version 10 software (StatSoft, Inc., USA). Differences were considered significant when p < 0.05 was obtained. Data distribution was analyzed using the Kologomorov-Smirnov test with Lilliefors correction. Homogeneity of variance was assessed using Levene's test. Quantitative data were described using mean ± SD. Intergroup characteristics were described using a t test or analysis of variance (ANOVA) and F tests, if a variable demonstrated normal distribution and homogenous variance. Otherwise, the Mann-Whitney U test or Kruskall-Wallis ANOVA was applied.
Categorized, qualitative, between-group analyses were performed using Pearson's chi-square (χ 2 ) test with appropriate corrections for N.
A receiver operating characteristic (ROC) curve analysis was applied for predictive analyses of qualitative data. The Medical Package version 2.0 (StatSoft, Inc., USA, 2011) for Statistica was used. The area under the ROC curve, likelihood ratio (LR), sensitivity, and specificity were calculated. For cutoff value, the parameter with the highest LR was chosen.
Results
Among the 115 patients with GPA and coexisting S. aureus in nasal swabs, there were 55 women (47.8%) and 60 men (52.2%), with a mean age during the first episode of 45.0 ± 17.0 and 44.5 ± 13.6 years, respectively. There were no statistically significant difference depending on the sex (p = 0.85). In 98 patients (85.2%), the disease was generalized, while in 17 patients, the disease was limited to SGS (14.8%). In total, 362 episodes were analyzed in the study. Active disease was found in 32.6% (118) of episodescompared with 67.4% (244) episodes of non-active disease. There were no significant differences in terms of patient age (45.8 ± 15.1 and 45.8 ± 16.1, p = 0.28) and sex (p = 0.195). The characteristics of the study patients are shown in Table 1 . Figure 1 shows a detailed distribution of ANCA concentration depending on the BVAS assessed during each episode. The statistical analysis confirmed a significant correlation between the presence of ANCAs and active GPA (p = 0.0032), as well as between their concentration and disease severity (R = 0.25363, p = 0.000001) ( Fig. 2) . Additionally, the ROC analysis ( Fig. 3 ) demonstrated that for a cut-off ANCA level of 138 Ru/m, the optimal LR obtained for distinguishing between active and non-active disease was 2.39, with a sensitivity of 37.3% and a specificity of 84.4%. Interestingly, a significant correlation between ANCA concentration and patient sex was detected (men > female, p = 0.035). When we consider the ANCA presence in particular patients, among the all 115 patients, in 29 (25.2%), ANCAs were not detected during the 7-year follow-up period, and in 29 (25.2%), ANCA status was variable (for example, they were detected in active disease and become negative after treatment). In 57 patients (49.6%), ANCAs were found during each visit (episode). Regarding to 362 episodes analyzed in the study, in 147 (40.6%), ANCAs were negative.
The presence of at least one type of SAg was found in 126 samples (34.8%) from 56 patients (48.7%); among the 17 patients with GPA limited to SGS, SAgs were detected in 6 (35.3%). In all samples, the most commonly found SAg was SEA (73/126 episodes, 60%), but the rarest was SEB (eight among the 126 episodes, 6.3%). We found no significant correlation between the presence of SAgs in nasal swabs and ANCA concentration, but when SAgs were analyzed based on the different types, the ANCA level was significantly higher in the group with SEB expression (p = 0.031) ( Table 2) . Interestingly, the average ANCA concentration increased with the number of SAg types detected in the single sample, but the relation was not statistically significant ( Fig. 4 ).
Discussion
Results of our study confirmed the significant correlation between the presence of ANCA and disease activity (p = 0.0032). ANCAs have been recognized as important biomarkers to aid in the diagnosis of patients with GPA [19] . Therefore, patients presenting with clinical features of systemic small-vessel vasculitis, with suspected GPA, are routinely tested for ANCA. Increasing clinical and experimental evidence supports the pathogenic role of ANCA in GPA, mainly through ANCA-induced activation of primed neutrophils and monocytes, leading to destructive vascular necrosis [5] . Therefore, as expected, high circulating titers of ANCA should be typically seen during active disease, with subsequent falls during therapy. On the other hand, some findings suggested that in cases with only 50% ANCA elevation, relapse was observed, and around half of the relapses occured even in the absence elevations in the ANCA titer [20] .
Thus, the correlation between ANCA presence and disease activity is not evident and still remains controversial. In a study of 100 patients with GPA and PR3-ANCAs, Boomsma et al. [21] observed that 26 of the 33 relapses that occurred during the study period were preceded by a rise in PR3-ANCA levels. Next, Stegeman et al. [22] showed that the persistence of ANCA confers a relative risk of 9.0 for relapse Fig. 1 The detailed distribution of ANCA concentration in GPA study patients (362 episodes) depending on the disease activity assessed using the BVAS and disease progression. Similar results were reported by Han et al. [23] in their retrospective study. Authors have demonstrated that serial measurement of ANCA titers in patients with GPA during remission can help predict relapses. Moreover, pre-emptive increase in immunosuppression, following a fourfold titer rise, reduced the risk of relapses. On the other hand, there are findings showing that changes in serial PR3-ANCA titers not always correlated with changes in disease activity. A meta-analysis of nine studies concluded that neither the increase nor the persistence of ANCA in patients with GPA who achieved remission is highly predictive of relapse or disease progression [24] . In turn, in the restrospective study by Thai et al. [25] , individual ANCA-profile analysis revealed that only for 60% of GPA patients, clinical outcomes and ANCA-titer changes were closely associated, that is, ANCAs were always present during active disease and absent during remission. On the other hand, Girard et al. [26] reported that in 79% of the patients with GPA included in the prospective study, the clinical course improved with the disappearance of ANCAs and deteriorated with their persistence or increased titer. Some authors concluded that although GPA progression was usually more frequent when ANCA remained positive or relapsed, discordance between ANCA levels and disease activity was not unusual. Fussner et al. [27] confirmed the findings of earlier publications, which have shown that an increase in PR3-ANCA levels is not a very sensitive and specific predictor of a subsequent worsening of GPA. However, in their study, an increase in PR3-ANCA titers was associated with severe relapses, particularly in patients with renal involvement and alveolar hemorrhage.
In our study, the frequency of ANCA detection was significantly higher in the group of active disease episodes than in the group with non-active ones (70.3% vs 54.1%); moreover, the ANCA concentration was significantly higher in more severe GPA (R = 0.25363; p = 0.000001). These results are consistent with those of other publications. Sinico et al. [28] analyzing disease status and its correlation with ANCA levels in 71 patients with ANCA-associated vasculitis (AAV) showed that changes in ANCA titers were strongly associated with changes in the BVAS, mainly in PR3-ANCA patients. Similarly, Houben et al. [29] demonstrated that higher ANCA levels in GPA patients are associated with multiple organs and Fig. 2 The correlation between ANCA concentration and GPA activity in study patients (362 episodes) Fig. 3 ROC plot for ANCA concentration, an effect on GPA activity in study patients systemic involvement. Interestingly, in our material, ANCA values ≥ 138 Ru/ml were revealed as an indicator for patients having active disease (LR of 2.39), with a high specificity, but a low sensitivity (84.4% and 37.3%, respectively), which could be affected by the type of laboratory assay being used as well as by the presence of seronegative ANCA disease in study cohort. So far, due to the lack of standarization of ANCA binding units, there are no criteria (such as ANCA binding unit or change in level) that define clinical remission or disease worsening, and cut-off levels for remission or disease worsening are unlikely because of different testing methodologies, epitopes or antigen preparations, and binding conditions. Therefore, so far, no assay currently suggests when treatment can be reduced or ceased, or when a relapse or disease worsening occurs. It seems, that our study is the first to indicate the critical level of ANCA, which is necessary to determine active and non-active GPA.
On the other hand, ANCAs were detected in 54.1% (132/ 244) of non-active GPA episodes, and they were absent in almost 30% (35/118) of active disease episodes analyzed in the present study. These findings indicate that ANCAs, although involved in the pathogenesis of GPA, not always correlate with disease activity. Some studies strongly supported this conclusion. Finkielman et al. [30] in their prospective, observational study involving 156 patients with GPA demonstrated that changes in ANCA levels explained less than 10% of the variation in disease activity. Regarding these results, Verstockt et al. [31] concluded that ANCA monitoring in patients with GPA has limited value and targeted determination of ANCA levels may be useful, only, if a disease worsening is clinically suspected. These results suggest the possibility that the presence of ANCA in AAV represents an epiphenomenon, accompanying but not necessarily driving the disease. This is because ANCAs are not detectable in approximately 20% of GPA cases [32] , and clinical benefit following B celldepleting rituximab therapy is often seen before a significant reduction in ANCA titer [33] and has also been reported in ANCA-negative cases [34] .
Another aspect of this study concerned the clinical relation between ANCA formation and SAg presence in nasal swabs in patients with GPA. There is considerable evidence that ANCAs are involved in the pathogenesis of AAV, but the mechanism leading to their formation is unclear. Both experimental [35] and epidemiological [6] studies have provided strong supportive evidence to the concept that infections may trigger exacerbations of ANCA-mediated disease and ANCA, antineutrophil cytoplasmic antibodies; SAg, staphylococcal superantigen; SEA, staphylococcal enterotoxin type A; SEB, staphylococcal enterotoxin type B; SEC, staphyloccal enterotoxin type C; SED, staphylococcal enterotoxin type D; TSST-1, toxic-shock syndrome toxin 1; ns, not significant Fig. 4 An average ANCA concentration depending on the number of the SAg presence in a single nasal swab in study patients (362 episodes) may even be the main pathogenetic mechanism underlying ANCA formation. One factor that has been linked to GPA and the presence of anti-PR3 antibodies in particular is nasal carriage of S. aureus [5, 36] , especially its SAgs, because their role as extremely potent immunostimulatory molecules [9, 37] . The mechanisms underlying the relationship between S. aureus and ANCA formation remain unclear, but numerous theories have been postulated, such as autoantigen complementarity or molecular mimicry with production of ANCAs directed against the human lysosome membrane protein hLAMP-2 [8, 38] . Recently, multiple sources of evidence have reinforced the concept of the central pathogenetic role of NETs in the pathogenesis of AAV as a source for the formation of ANCA [39] . There were several clinical studies evaluating a critical role of SAgs for GPA activity [15, 40, 41] , but none, so far, investigated, whether there is a relation between SAgs presence and ANCA levels in patients with GPA. Our study seems to be the first analyzing this association. The results did not confirm a suspected correlation between ANCA levels and presence of SAg, although ANCA average concentration increased with the number of SAgs in the single sample. Interestingly, when SAgs were analyzed based of the different types, ANCA levels were significantly higher in the group with SEB expression (p = 0.031). The results should be regarded very carefully. First, the number of SEB (+) episodes was small (eight among the 362 episodes, 6.3%). Second, there are preliminary results and undoubtedly require further investigations in prospective studies. However, our findings support that the exact mechanism of ANCA formation is not clear and indicates that S. aureus may play only a secondary pathogenic role in GPA.
It has been recently reported that two types of ANCAs: PR3 and MPO, may identify distinct patient categories within AAV, associated with a particular genetic background, immune pathology, clinical presentation, and response to treatment and prognosis [42] [43] [44] . MPO-ANCA vasculitis is associated with a higher risk of more severe clinical involvements, like renal disease and alveolar hemorrhage, while PR3-ANCA is associated with higher risk of upper airway involvement (ear, nose, throat-ENT) and ocular involvement. Patients with MPO-ANCA have relapse less frequently than those with PR3-ANCA, and might benefit in the future from shorter-term drug administration with less ANCA monitoring, while PR3-ANCA-positive patients are clearly at risk of relapse [43, 44] . In our study, patients predominantly involved PR3-ANCA, while MPO-ANCA was detected only in three among the 115 GPA patients (seven among the 362 episodes, 2%); therefore, a comparative analysis with the group with PR3-ANCA positivity was not possible. However, two of the patients had GPA limited to SGS, but characterized by a different course. The first initially had severe and recurrent SGS, which ended in the development of multiorgan GPA, while the second still had limited and mild disease. In the third patient, GPA was limited to pulmonary manifestation with minor progression in radiological studies, without clinical symptoms of vasculitis. Surprisingly, not only patients with PR3-ANCA-positive GPA, but also MPO-AAV, carried S. aureus isolates that are prevalent in the general population. Interestingly, MPO-ANCAassociated S. aureus isolates seem to be genetically distinct from healthy control-and PR3-ANCA-associated isolates [45] . In our study, SAgs in nasal swabs were found in two of the MPO-ANCA GPA patients (four episodes) and only in one of them, the presence of SAgs correlated with ANCA positivity and disease activity. In five among the seven MPO-ANCA episodes, ANCA relapsed, when GPA symptoms worsened.
This study has several limitations such as its retrospective design and the absence of systemic examinations of ANCA concentrations. In addition, ANCA specificity was assessed with a routine ELISA kit employing a mixture of human native and human recombinant PR3. However, all blood samples were assessed in one certified laboratory; therefore, the ANCA results are unified and comparable. Moreover, some patients received chronic antimicrobial treatment with T/S, which could have contributed to reduced staphylococcal enterotoxicity. Finally, most of the patients were PR3-ANCA positive; therefore, comparison of results with MPO was not possible.
In conclusion, our results confirmed the correlation between ANCA presence and GPA activity: higher ANCA levels are associated with more severe GPA. To the best of our knowledge, this is the first study to define the critical level of ANCAs, which in turn will help determine active and nonactive GPA. Our study shows that ANCA values of 138 Ru/ml are an indicator of active disease with high specificity, but low sensitivity. In 54.1% patients, ANCAs persist despite effective treatment and clinical remission of disease; therefore, serial ANCA titers for monitoring disease activity have limited value and remain controversial. To our knowledge, this is also the first study to estimate the clinical association between ANCA formation and SAg presence in nasal swabs in GPA patients. The results did not confirm the suspected correlation, although ANCA average concentration increased with the number of SAgs in a single sample. Furthermore, when individual types of SAgs were analyzed separately, ANCA levels were significantly higher in the group with SEB positivity, but because of the small number of this kind of episodes, the results should be analyzed carefully and require further investigations.
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